During the past decade controlled ventilation techniques using nitrous oxide, oxygen and a muscle relaxant have become increasingly popular in paediatric anaesthesia. Practical modifications of Ayre's T-piece which permit the control of ventilation over wide ranges of rate and depth have been described by Rees (1950) and Mapleson (1954) , among others.
The valveless Rees modification, which can be closed only through a deliberate action by the anaesthetist, is inherently safer than the variations described by Mapleson. However, the latter present no greater danger of inadvertent overdistension of the lungs than do circle absorber systems, or any other system which may be closed completely but does not contain a pressurelimiring safety device. Moreover, the inclusion of a spring-loaded, adjustable expiratory valve permits the attainment of a reasonably consistent control of ventilatory rate and depth for prolonged periods, especially when suitable reservoir bags of conductive rubber with easily compressible open tails are not readily available.
Several mathematical and theoretical analyses of modifications of the T-piece technique during both spontaneous and controlled ventilation have been published (Mapleson, 1954 (Mapleson, , 1958 Ayre, 1956; Onchi, Hayashi and Ueyama, 1957; Waters and Mapleson, 1961; Harrison, 1964a) , and the behaviour of the T-piece system has been investigated using laboratory models (Inkster, 1956;  •Present address: The London Hospital London, E.I.
This study was supported in part by Grant HD 00201 from the National Institutes of Health, Bethesda, Md. Harrison, 1964b) . However, no observations made upon anaesthetized children have been reported.
The purpose of this investigation was to evaluate the effect upon end-expired carbon dioxide concentration of various fresh gas flows and rates of breathing while using controlled ventilation and nitrous oxide-oxygen-muscle relaxant anaesthesia in small children. The arrangement of components used was that described by Mapleson (1954) as system D. This system, and that described by Rees, may be expected to behave in a similar manner with respect to fresh gas inflow requirements (Waters and Mapleson, 1961) . Our aim was to establish a relationship between the size of the child, the rate of fresh gas flow into the system and the level of the end-expired carbon dioxide concentration. In addition, we wished to demonstrate the effect upon end-expired carbon dioxide levels caused by different rates of ventilation at a constant fresh gas inflow.
METHODS
All of the children studied were in good general health, and all were having either genito-urinary or orthopaedic operations performed. Rectal temperature was monitored with a thermistor probe, and the smaller children were placed on a warm water-mattress (temperature 38-39°C) to prevent undue loss of body heat during the operation.
The children were given pre-operative medication 25 to 125 minutes prior to the induction of anaesthesia. The youngest patient received atropine alone, the others under 1 year of age were given pentobarbitone sodium and hyoscine hydrobromide, and the children over 1 year of age received morphine in addition. These drugs were given intramuscularly, and the dose ranges were: pentobarbitone 3-0-4-5 mg/kg, morphine 007-0-14 mg/kg, and hyoscine 0-011-0-028 mg/kg. The same person (D.A.N.) administered the anaesthetic to all patients. Anaesthesia usually was induced with cyclopropane and ether in oxygen, using a semidosed system without carbon dioxide absorption (Paymaster, Wollman and Bachman, 1965) , and endotracheal intubation performed after 5 to 7 minutes of anaesthesia. After intubation, anaesthesia was maintained with a nitrous oxide and oxygen mixture, in the proportion 2:1, and muscular relaxation provided by intravenous tubocurarine, 0-65 mg/kg initially, followed when needed by incremental doses 25 per cent or less of the initial dose. At the end of the operation residual curarization was reversed by the intravenous injection of atropine, 0-02 mg/kg, and neostigmine, 0-07 mg/kg.
The same anaesthetic machine was used for all cases-a Foregger Texas model-having Rotameter-type flow meters which were calibrated on several occasions with a spirometer at all the flows used. Gas flows actually delivered by the Rotameters were within 2 per cent of the indicated flows at all times. The machine was carefully checked for gas leaks prior to each case, and care was taken to see that all vaporizers were excluded from the circuit (neglect of this precaution on one occasion led to an unusually high carbon dioxide level being recorded, before the site of the leak was discovered).
The arrangement of the components of the system is shown in the diagram ( fig. 1) , and was the same for all patients, except that the 500 ml reservoir bag was changed for one of 2 litres capacity when the larger children were being studied. The capacity of the reservoir tube was approximately 85 ml, and the Fleisch pneumotachograph, type O, plus the gas sampling T-piece, added approximately 5 ml of deadspace to the system. The pneumotachograph was connected to a differential pressure transducer, Statham model PM5. By means of a nylon T-connector inserted between the pneumotachograph and the differential pressure transducer, airway pressure was measured with another transducer, Statham model PR23. The volume contributed by the latter transducer was found to provide good dynamic balance of the pneumotachograph-strain gauge assembly. The output from both transducers was recorded on a Grass model 5A four-channel polygraph. In addition, the output from the differential strain gauge was led into a Grass model UI-1 integrator set to integrate expiration and to reset every minute, thus providing a direct write-out of minute volume.
The pneumotachograph-integrator system was calibrated at steady flows up to 50 l./min, using a Fischer and Porter industrial flowmeter. The write-out for flow rate from the pneumotachograph was effectively linear up to approximately 30 l./min but declined at flows greater than this. The writeout from the integrator was effectively linear to 50 l./min. Nonlinearity of the system is reflected in reduced minute volumes being recorded when the largest patients were ventilated rapidly. The system was recalibrated at the end of each study, using the same nitrous oxide and oxygen mixture as was used during anaesthesia. No attempt was made to correct for volume changes due to variations in temperature, for the error introduced was felt to be insignificant compared with other small errors inherent in the system.
Carbon dioxide in the ventilating gas mixture was sampled from the main stream of flow at the connector end of the endotracheal tube by means of a double-walled polyethylene tube of 0-86 mm internal diameter and 32 cm in length. Samples were withdrawn over periods of 10 to 20 seconds every 3 to 5 minutes at a flow rate of 600 ml/min and were not returned to the system. The gas withdrawn was analyzed continuously for carbon dioxide content by a Liston Becker model LB1 infra-red medical gas analyzer, and the analyzer output was recorded on the fourth channel of the Grass polygraph. The analyzer was calibrated initially with five known mixtures of carbon dioxide in oxygen and always was recalibrated before, during and after each study with two known mixtures of carbon dioxide in oxygen having values near each end of the range being studied.
The detector head of the infra-red analyzer was pressurized with nitrous oxide to avoid the "spectrum cross-over" effect of the nitrous oxide present in the gas mixture, and a correction factor of 0-95 has been applied to the recorded values for carbon dioxide content to allow for the "pressure broadening" caused by the nitrous oxide (Severinghaus, Larson and Eger, 1961) .
During each period of sampling a prolonged expiration was recorded by disconnecting the reservoir bag and the expiratory valve from the reservoir tubing immediately following an inspiration, and a satisfactory plateau thus was obtained. The concentration of carbon dioxide at the end of the plateau was noted as the "end-expired carbon dioxide concentration", and this was the value used for determining the effects of changes in fresh gas inflow or rate of ventilation. On five occasions arterialized venous blood was drawn from a vein on the dorsum of a hand, and the carbon dioxide tension of this blood was measured with a Severinghaus electrode; agreement was good between this determination and the end-expired carbon dioxide content, there being on no occasion a difference of more than 1 -7 mm Hg, with the reading for arterialized venous blood always being the higher. This correlation indicates that in the children studied the end-expired carbon dioxide concentration gave a very close approximation to arterial blood carbon dioxide tension.
The standard procedure for each case was to record values of end-expired carbon dioxide concentration intermittently at one fresh gas flow until two consecutive values were the same, and then to alter the fresh gas inflow and repeat the process. A steady value of end-expired carbon dioxide concentration was achieved usually 10 to 15 minutes after a change in fresh gas inflow.
When results for a reasonably constant ventilation rate had been obtained at two or three different inflows, the fresh gas inflow was fixed and the rate of ventilation was altered over a wide range. Minute volume and airway pressure varied directly with the rate of ventilation. A steady state generally was achieved 5 to 10 minutes after a change in rate.
RESULTS
The sixteen children selected for this study ranged in age from 6 months to 10 years and in weight from 8-2 to 33 kg (18-73 lb.). Data obtained for the first phase of this investigation, i.e., during variation of the fresh gas inflow rate, are shown in table I. In fifteen patients measurements were made at more than one gas flow. The determinations during which the fresh gas inflow exceeded the minute ventilation are indicated in the table. It should be noted that only in three patients (nos. 3, 4 and 5) did the end-expired carbon dioxide concentration rise above 5-6 volumes per cent when the fresh gas inflow was less than half the minute ventilation. In all instances, the end- 40  97  25  64  127  21  33  77  108  29  59  20  100  20  92  24  41  100  20  31  65  108  28  56  80  24  88  118  34  72  29  71  26  88  24  48  108  18  26 expired carbon dioxide concentration was maintained well within normal limits at fresh gas flows more than half but less than equal to the administered minute volume of ventilation.
The last column (G) of table I, indicating the end-expired carbon dioxide concentration at a fresh gas inflow of 220 ml/kg body weight/minute, was derived by interpolation from the graph constructed from the data of columns E (fresh gas flow as ml/kg/min) and F (vol. per cent endexpired carbon dioxide), illustrated as figure 2. In the construction of this graph the changes which occurred in the minute ventilation were excluded from consideration for the following reasons. Examination of columns B and F ( vation is the increase in the fresh gas inflow. Precision control of minute ventilation during manually controlled breathing is difficult to achieve when one is concentrating on keeping a relatively constant ventilation rate and pressure in the presence of widely different gas flows into the system. It is sufficient here to note that each minute ventilation measured represented a degree of hyperventilation for that patient, which we considered to be within the limits normally practised clinically when this technique of anaesthetic administration is used. Furthermore, only those determinations in which minute ventilation exceeded fresh gas inflow were used in plotting the curves from which the values shown in column G, table I, were derived. If minute ventilation volumes had been kept nearly equal for each fresh gas inflow, we probably would have measured lower end-expired carbon dioxide concentrations at the larger inflows, and the slopes in figure 2 would have been somewhat steeper and shifted to the left. In that case, the interpolated values of end-expired carbon dioxide concentration which correspond to a fresh gas inflow of 220 ml/kg body weight (100 ml/lb.) per minute (table I, column G) could be even lower, and the fresh gas inflows required to avoid carbon dioxide retention probably would be less than the flow rate per unit of body weight chosen here as a convenient one for calculation.
An arbitrary division at 15 kg body weight has been selected in figure 2 to demonstrate that smaller children appear to require higher fresh gas flows on a body weight basis to attain an endexpiratory carbon dioxide level that larger children exhibit at lower fresh gas flows. This impression is illustrated in another way. The values from column G (table I) are related graphically to body weight in figure 3. It is noted that for a constant standard fresh gas inflow based on body weight, smaller children will tend to have higher concentrations of end-expired carbon dioxide, although not necessarily increased to an abnormal level.
Data obtained for the second phase of this study, i.e., investigation of the effects of different rates of ventilation upon the end-expired carbon dioxide concentration, at a selected constant fresh gas inflow for each patient, are shown for thirteen patients in table II. These measurements were made after the first phase determinations were completed; thus, the data of table II are independent of the data included in table I. The trend of change in carbon dioxide concentration with change in rate of ventilation is graphically demonstrated in figure 4 . In all cases the end-expired carbon dioxide concentration was higher at the more rapid rates of ventilation, despite marked increases in respiratory minute volume and airway pressure. The effect of different rates of ventilation upon end-expired carbon dioxide concentration at three separate fresh gas flows is shown for one patient (no. 4) in figure 5 ; the minute ventilation at 20 breaths per minute was about 3 litres for each fresh gas flow.
DISCUSSION
In two recent papers, Harrison (1964a, b) has reviewed the modifications of Ayre's T-piece and has investigated the effect of respiratory flow pattern on rebreathing in a T-piece system with both spontaneous and controlled ventilation. In his review, Harrison suggested that a fresh gas flow 2-5 to 3 times minute volume is required to prevent rebreathing during manual ventilation with a reservoir capacity either more or less than tidal volume. In the second paper, involving work with laboratory models, he reported that fresh gas flows between 1 -7 and 3 times minute volume were required to prevent rebreathingj depending upon which of five ventilators was used and also upon the respiratory flow pattern. In these two papers, as in most of the reported work pertaining to T-piece systems, emphasis has been placed upon the prevention of rebreatbing. The concern in clinical practice, however, is not necessarily to prevent rebreathing but to avoid the retention of carbon dioxide by the patient. The present work demonstrates that with manually controlled ventilation this goal is achieved easily despite the occurrence of considerable "rebreathing", that is, the presence of previously exhaled carbon dioxide in the inspired gas mixture. For example, the lowest end-expired carbon dioxide concentrations measured during this investigation ranged from 3-0 to 3-5 vols. per cent, corresponding to arterial carbon dioxide tensions of approximately 20 to 25 mm Hg; at the same time, the inspired gas mixture, as indicated by the polygraph recording, contained 1-0 to 1-5 vols. per cent carbon dioxide. The explanation for these low concentrations of end-expired carbon dioxide occurring in spite of significant rebreathing is simple: manually controlled ventilation of a paralyzed patient commonly produces a minute volume considerably in excess of his resting ventilation. If, in these circumstances, carbon dioxide were to be ehminated completely from the inspired gas by using a fresh gas inflow of two to three times the actual minute volume, as previous reports have recommended, not only would the gas inflow be unnecessarily large, but an inordinate depletion of body carbon dioxide stores could occur and respiratory water loss would be increased. During this study, the fresh gas flow into the system exceeded the minute volume in only five of the forty-two determinations listed in table I, and the inspired carbon dioxide concentration normally was greater than 1 -0 vol. per cent; the end-expired concentration of carbon dioxide nevertheless remained below 5-6 vol. per cent in all but three of the determinations.
In a system which allows complete mixing of the fresh gas inflow with the alveolar gas, the concentration of carbon dioxide in the alveolar gas (FAooa) at any one time is determined by the carbon dioxide production (Vco 5 ) at that time and by the fresh gas inflow (VF), according to the simple relationship:
VCO2
The system evaluated here does provide mixing. During expiration, while the spring-loaded valve is closed, the patient's expired gas and the fresh gas inflow mix in the reservoir tubing and bag. During inspiration, the valve opens, and mixed gas is lost from the system. Thus, provided the minute ventilation exceeds the fresh gas inflow, as in this investigation it normally did, the fresh gas inflow will be the variable of major significance in determining the end-expired carbon dioxide concentration. The precise relationship depends upon the degree of mixing that occurs.
Carbon dioxide production in the patient at rest usually is related to body surface area or to age. During anaesthesia it is reasonable to assume that carbon dioxide production is influenced also by pre-operative medication, body temperature, the degree of muscular relaxation and the anaesthetic agents used. In this report we have plotted interpolated values of the end-expired carbon dioxide concentration which correspond to a convenient standard fresh gas flow of 100 ml/lb. body weight (220 ml/kg) per minute against the patient's weight ( fig. 3) . The slope of the regression line correlates with the higher carbon dioxide output of infants and small children when that output is expressed on the basis of body weight, which we chose as an index of patient size because this measurement normally is available to the anaesthetist.
The highest values of end-expired carbon dioxide concentration shown in figure 3 were measured in the two patients (nos. 3 and 4) in whom the rectal temperature reached 38°C during operation and probably represent increased carbon dioxide production at the elevated body temperature. Rectal temperatures remained below 37-3°C in all the other children.
The results of the second part of this investigation are apparent from figure 4. At a chosen fresh gas inflow which readily allowed a normal endexpired carbon dioxide concentration to be maintained at a comfortable ventilation rate, the rate of ventilation was varied over a wide range, in some patients by as much as 5:1 (rates of 20 to 100 breaths per minute), without affecting the endexpired carbon dioxide concentration by more than 20 per cent. It should be noted in figure 4 that the scale has been expanded deliberately to show the slight change which does occur. As die •end-expired carbon dioxide concentration always was higher at the more rapid rates of ventilation, and as the rapid rates used here normally were accompanied by a 30-100 per cent increase in peak airway pressure, it would seem preferable to avoid such rates and to stay within the range of 20 to 60 breaths per minute, regardless of the size of the child. Because the Mapleson system D used here contains a partially closed expiratory valve, there is a practical limit to the duration of expiration. When the reservoir bag becomes full, the pressure within the system starts to rise, and the need to initiate the next breath in order to prevent overdistension of the bag effectively determines the Tninimum rate of ventilation. Even for small infants effective controlled hyperventilation has been found to occur at 40 breaths per minute and 20-30 cm HzO airway pressure, and the end-tidal PC02 was not significandy lowered further by increasing the ventilation rate to 80 breaths per minute (Freeman, St. Pierre and Bachman, 1964) .
From the data obtained during this investigation it is concluded that the following convenient guide may be adopted for selecting a suitable fresh gas inflow when using this modification of the T-piece with nitrous oxide-oxygen-muscle relaxant anaesthesia for healthy children who have had moderately heavy pre-operative medication. Carbon dioxide retention is prevented by using a minimum total gas inflow of 3 l./min for children under 30 lb. (13-5 kg) body weight and by a fresh gas flow of 100 ml/lb. (220 ml/kg) body weight per minute for the larger children, with a practicable maximum total flow of 8 l./min. Using these flows, not only is retention of carbon dioxide avoided, but significant lowering of the end-expired carbon dioxide concentration below normal will be achieved during the hyperventilation usually associated with comfortable manual control of breathing, especially in small infants and in children approaching 80 lb. (c. 35 kg) in weight.
ETUDE DE LA RESPIRATION DANS UNE PIECE EN T MODIFIEE PENDANT LA VENTILATION CONTROLEE D*ENFANTS ANESTHESIES

SOMMAIRE
On a mesuri le volume minute, la pression dans les voies respiratoires et la concentration en gaz carbonique dans l'inspiration et a la fin de l'expiration chez des enfants anesthesies chez lesquels on utilisait la ventilation controlee avec une piece en T modifiee. Les chiffres obtenus indiquent qu'une inspiration de gaz frais aussi faible que 220 ml/kg/min, avec un flux total minimum de 3 l./min, est suffisant pour prdvenir la retention du gaz carbonique. On a 6tudi£ aussi l'influence de la vitesse de la ventilation sur la concentration du gaz carbonique de fin d'expiration. He has done original work, for instance on the anaesthetic action of various aliphatic gaseous compounds, on tribromethanol (Avertin) on reversal of its respiratory depressant action by nikethamide, and on timing the blood flow through the lungs. He has edited two handbooks, one on general and one on local anaesthesia, and has been concerned with the improved training and status of anaesthetists in his country. Though it is interesting to read about the development of German anaesthesia, pleasure is marred for this reviewer by the arrogant and chauvinistic opinions pronounced by the author, e.g. the wild enthusiasm when he enlisted in the First World War, or the "boundless lack of general education" (grenzenlose allgemeine Unbildung, p. 81) he found amongst the younger hospital surgeons during a visit to U.S.A. Even if a foreigner did important work he was enabled to do so by "taking over the exact experimental technique of German researchers" (Er iibernahm die exakte Expenmental-Technik deutscher Forscher, p. 231).
The volume contains many excellent photographs of the author's teachers and collaborators, and of contemporaries he met at congresses. There are also reproductions of his own paintings, mostly of medical content, and a list of all his papers on anaesthetic subjects. It is a rather egocentric narrative! As must be apparent to all who have read our April Educational Number this year, the physiological control and the pharmacological disturbances of cerebral blood flow are at the very heart of neurosurgical anaesthesia. It is therefore welcome to find published as Supplementum 14 of Ada Neurologica Scandmavica a symposium on Regional Cerebral Blood Flow. This volume covers first the methods of measurement and the compartmental analysis of human brain blood flow. There follow papers on the physiology of cerebral blood flow, and these are perhaps of most interest to anaesthetists, for they deal with the effects produced by changes in blood oxygen and carbon dioxide tension in cerebral blood flow and in its auto-regulation and the alterations produced by halothane and other anaesthetic drugs. There is also a paper on the role of the cerebrospinal fluid pH in modifying the cerebral blood flow in hyper-and hypocapnia, a matter of vital importance to all who pump accumulated carbon dioxide out of patients with respiratory insufficiency. The last section, concerned with changes in cerebral blood flow in disease, is perhaps more a matter for neurologists.
As is usual in reports of scientific meetings there is no index but there is an excellent contents section which will allow workers in any special branch to pick out those aspects of the symposium most important to them.
The relevant sections of this volume should certainly be read by all who give any thought to the effect of anaesthesia on cerebral blood flow and for this reason we commend it wholeheartedly to our readers.
A. R. Hunter
